Cerebral microdialysis is widely used in neurocritical care units. The goal of this study was to establish the reference interval for the interstitial fluid concentrations of energy metabolites and glycerol by using the extrapolation to zero-flow methodology in anesthetized patients and by constant perfusion at 0.3 mL/min in awake patients. A CMA-71 probe was implanted during surgery in normal white matter of patients with posterior fossa or supratentorial lesions, and the perfusion flow rate was randomized to 0.1, 0.3, 0.6, 1.2, and 2.4 mL/min. Within 24 h of surgery, perfusion was restarted at a constant 0.3 mL/min in fully awake patients. The actual interstitial fluid metabolite concentrations were calculated using the zero-flow methodology. In vitro experiments were also conducted to evaluate the reproducibility of the in vivo methodology. Nineteen patients (seven males) with a median age of 44 years (range: 21-69) were included in the in vivo study. The median (lower-upper) reference interval values were 1.57 (1.15-4.13 mmol/L) for glucose, 2.01 (1.30-5.31 mmol/L) for lactate, 80.0 (54.4-197.0 mmol/L) for pyruvate, and 49.9 (23.6-227.3 mmol/L) for glycerol. The reference intervals reported raises the need to reconsider traditional definitions of brain metabolic disturbances and emphasize the importance of using different thresholds for awake patients and patients under anesthesia.
Introduction
Cerebral microdialysis (MD) was introduced by Bito et al. 1 for in vivo dialysis of the canine brain and is now used for an extensive array of applications that explore the regional chemistry of the human brain. The first known application of cerebral MD in humans was reported by Meyerson et al., 2 who implanted microdialysis probes during thalamotomy procedures in patients with Parkinson's disease. Since that time, cerebral MD has been increasingly used as a neuromonitoring technique in neurocritical patients with traumatic brain injury (TBI), middle cerebral artery infarction, and spontaneous subarachnoid hemorrhage (SAH) to monitor cerebral energy metabolism during the acute phase after injury or stroke. 3 One problem inherent to microdialysis is the fact that the dialysate concentration of any substance is never a perfect mirror of the interstitial levels but instead represents a variable fraction of the actual values. [3] [4] [5] [6] Since its introduction, a recurrent problem with cerebral MD has been the lack of a reliable in vivo calibration method, which prevents accurate in vivo concentrations from being established. 7 The approach most frequently used to evaluate MD efficiency for any substance is to use the in vitro relative recovery (RR), which is defined as the ratio of the concentration in the dialysate to the true in vitro concentration of a given substance. 8 In clinical practice, the true substance concentration in the interstitial fluid (ISF) is calculated by measuring the concentration in the dialysate and dividing that concentration by the in vitro RR expressed as a fraction of 1. 5 The validity of this approach rests on the principle that the in vitro and in vivo conditions are similar; however, this assumption is far from true. 5 The RR in vitro depends primarily on the physical properties of the membrane, the temperature of the medium, the perfusion flow rate, the characteristics of the sample matrix, and the diffusion coefficient of the substance of interest. [3] [4] [5] 8 However, these results are difficult to extrapolate to the brain, due to the effect of the tissue properties on the diffusion of analytes. The ISF space in any organ is an inhomogeneous and tortuous medium; therefore, the in vitro RR can only provide a rough estimate of the efficiency of MD probes in vivo. 5, 9 The main study reporting the reference intervals (RIs) for analytes involved in monitoring brain energy metabolism in neurocritical patients was conducted by Reinstrup et al. 10 in patients who underwent neurosurgical procedures under general anesthesia. Other authors have reported brain metabolite levels in the normal brains of patients with central nervous system tumors, 11 in awake epileptic patients, 12, 13 and in patients with spontaneous SAH. 14 However, in most of these studies, the true ISF concentrations were unknown, and the reference limits were estimated from the concentrations in the dialysate and from the in vitro RR for the specific metabolite. Consequently, the normal ranges for brain lactate, the lactate-to-pyruvate (LP) ratio, and what has been considered the ''anaerobic threshold,'' are still quite arbitrary. In human studies, the upper reference limit for lactate in normal brain tissue is unexpectedly variable and ranges from 1.50 to 5.1 mmol/L. 11, 13, [15] [16] [17] This variability remains an important obstacle for adequately evaluating metabolic findings in neurocritical patients, as well as for making physiopathological interpretations and assessing clinical relevance.
To overcome the limitations of in vitro studies, three different methods have been proposed to estimate the true ISF concentration of any analyte of interest. These methods are (1) the extrapolation to zero-flow rate method (ZFM), 18 (2) the no-net flux method, and (3) the slow perfusion rate. 7, 19 All three methods are considered reliable and yield similar results, as shown in the experimental studies conducted by Menacherry et al. 7 Here, we present the results of a human study in which the reference limits for analytes involved in energy metabolism (i.e., glucose, lactate, and pyruvate) and for glycerol (a biomarker of cell damage) were determined in a cohort of patients who were observed twice: while anesthetized and while fully awake.
In anesthetized patients, we used the extrapolation to ZFM, and in awake patients we employed perfusion at a constant infusion speed of 0.3 mL/min, the infusion rate recommended by a recent consensus conference on neuromonitoring. 20 The RIs reported here provide additional support for the thresholds suggested by the most recent consensus conference on microdialysis neuromonitoring, 20 highlighting the importance of lactate in brain energetics and raising the need to reconsider traditional definitions of metabolic disturbances observed in neurocritical patients. Our study emphasizes the importance of using different thresholds for awake patients and patients under anesthesia or deep sedation.
Materials and methods
The present study was divided into three separate sections: (1) preliminary in vitro experiments to confirm the RR of the CMA-71 probes (M Dialysis AB, Stockholm, Sweden) for the analytes of interest, (2) an in vitro evaluation of the reproducibility of the ''ZFM'' used in the in vivo setting to calculate the brain tissue concentrations of the metabolites, and (3) a study of the brain ISF concentrations of glucose, lactate, pyruvate, and glycerol-and their reference limits-in patients who underwent neurosurgical procedures both under general anesthesia and while fully awake after surgery.
In vitro RR experiments
In vitro RR experiments were conducted to confirm the efficient recovery of CMA-71 probes that have been previously described by others. 9, 21 The experiments were conducted using an in vitro setup that was described by our group elsewhere. 22 In brief, the experiments involved placing each CMA-71 catheter into two different matrix solutions (MA-1 and MA-2), which had different concentrations of glucose, lactate, pyruvate, and glycerol (Sigma-Aldrich, St Louis, MO, USA). The study matrices composition is described in Table S1 in Supplementary information. A total volume of 2.5 mL of the matrix solution was placed in a 5-mL glass tube (BD Vacutainer Õ ) in a dry bath (Labnet International, Edison, NJ, USA) set at a temperature of 37 C. The tips of the CMA-71 probes were placed in the matrix, and the microdialysis (MD) catheters were connected to a CMA-402 pump (M Dialysis AB) and perfused at 0.3 mL/min (18 mL/h) with an isotonic solution that had the same ionic composition as the matrix but contained an additional 3% albumin. Our in vitro experiments were conducted without stirring. The main reason to avoid stirring was that it produced significant variability in the volume recovered in the microvial (see Supplementary information).
When steady-state conditions were achieved, the experiments were initiated by perfusing the in vitro probes at a constant flow rate of 0.3 mL/min and collecting one microvial per hour for six consecutive hours; six microvials were obtained for each matrix in each catheter. The matrix solution was analyzed before and resampled after each microvial collection to control for all of the variables that can modify the initial analyte concentration in the medium, such as evaporation, solute depletion by the dialysis procedure, etc. A total volume of 140 mL was removed from the matrix at the end of the 6-h experiment. Both dialysate and matrix samples were analyzed in the ISCUSflex analyzer (M Dialysis AB). The RR was calculated using the following equation:
where C md and C matrix are the analyte concentrations in the microdialysate and in the matrix, respectively.
In vitro extrapolation to zero-flow rate
To test in vitro the extrapolation to ZFM that was used during surgery in the included patients, a second experiment was conducted in which CMA-71 probes pertaining to two different lots (M Dialysis AB, lots #T23301 and #T24612) were placed in a matrix with the same solute concentrations described for MA-2 in the previous section. The catheter was connected to a 1-mL disposable syringe (Luer-Lok TM , New Jersey, USA) placed in a microinfusion pump (CMA-402, M Dialysis AB). The CMA-402 is a variable flow rate pump that enables the adjustment of the infusion rate between 0.1 and 20 mL/min. For these experiments, the same isotonic solution used in the in vitro RR experiments was infused. For each catheter, the flow rate was changed randomly to the following rates: 0.1, 0.3, 0.6, 1.2, and 2.4 mL/min. Each flow rate was maintained for 1 h, except for the 0.1 mL/min flow rate, which was maintained for 2 h to compensate for the low recovery volume. Microvials were collected every 30 min for the 2.4-0.3 mL/min infusion rates and hourly for the 0.1 mL/ min flow rate. Each catheter experiment yielded a total of 10 determinations (two for each infusion rate). The metabolite concentrations in the matrix were analyzed at the beginning and at the end of each experiment. All analyses were conducted in the ISCUSflex analyzer.
The actual concentrations of matrix metabolites were estimated using the ZFM described by Jacobson et al. 18 This method determines the analyte concentration through the determination of the relation between the perfusion flow rate (F), the probe's membrane area, and the transference coefficient. This relation is defined by the following equation:
where C dial is the analyte concentration in the dialysate, C 0 the matrix concentration of the analyte of interest, r the average mass transfer coefficient, A the surface of the microdialysis membrane, and F the infusion flow rate. The external concentration (C 0 ) can be estimated by fitting a nonlinear regression model to the dialysate concentrations obtained at different perfusion rates. 7, 18 According to this method, at a theoretical flow rate of 0 mL/min, the metabolite concentration of the dialysate is considered to be equal to the true concentration in the matrix. 18, 23 Because the first dialysate sample at each flow rate is heavily influenced by the previous flow rate (due to the dead liquid volume of the outlet tube [$5.1 mL]), the first sample was always discarded and was not included in the calculations; therefore, at any flow rate, only the second determination was used to fit the curve. The catheters used in these experiments were never infused for more than 96 h.
Determination of the brain tissue metabolites concentrations
Patient selection and study design. A prospective study was conducted in patients aged above 18 years who underwent surgical treatment under standard general anesthesia to treat posterior fossa and supratentorial lesions at Vall d'Hebron University Hospital (VHUH), between November 2012 and January 2016. To enroll patients in the study, the inclusion criteria were: (1) posterior fossa or supratentorial lesions requiring the implantation of an external ventricular catheter for the drainage of cerebrospinal fluid (CSF); (2) no neuroradiological abnormalities in the white/ gray matter in the supratentorial compartment where the MD probe will be implanted in magnetic resonance imaging (MRI) sequences evaluated in the following MRI sequences: T1W, T2W, and FLAIR; (3) a normal ventricular size defined as an Evan Index below or equal to 0.30 or moderate ventricular enlargement without clinical symptoms of intracranial hypertension; 24 and (4) written informed consent signed by the patient or the next-of-kin. The study was approved by the Institutional Ethics Committee of the VHUH (protocol number approval PR/AG-140-2011). All provisions of the Declaration of Helsinki were followed.
Surgical procedure. According to the manufacturer's specifications, the CMA-71 probe has a nominal cutoff of ''around 100 kDa''. 25 CMA-71 probes were placed with the patient under general anesthesia at the same time the external ventricular drainage was placed, through a small hole in the duramater at $3 mm from the ventriculostomy entry. The position of the probe in the normal white matter was confirmed by a control computed tomography (CT) scan conducted within the first 24 h after probe implantation ( Figure S1 in the Supplement). Patients with any hemorrhagic or hypodense lesion around the probe detected in the control CT were excluded from analysis. The MD probe was connected through a 150-cm length extension line, with 1.58 mL residual volume (Prolonsend Õ PA-150, Sendal, Ca´ceres, Spain) primed with CNS perfusion fluid (M Dialysis AB), to a 1-mL disposable syringe (Luer-Lok TM ) placed in the microinfusion pump CMA-402 and perfused at 0.3 mL/ min during 1 h with CNS perfusion fluid (M Dialysis AB). The first sample from the first hour was always discarded to allow stabilization of the system. Then, for each patient, the perfusion flow rate was varied randomly, and the same methodology described in the in vitro section was applied except in the first four patients, where microvials were collected hourly for all infusion rates and just one microvial was collected for each infusion rate. Once all the experiment was completed, and if the duration of the surgery allowed it, the perfusion rate was changed to 0.3 mL/ min rate, and microvials were collected each hour until the surgery was completed. At the end of the surgical procedure, the perfusion of the cerebral catheter was interrupted until the patient was fully awake in the reanimation unit.
During the surgical procedure, blood and CSF samples were also collected periodically. Blood gas analysis was performed in a Co-oximeter (1200 RAPIDLab Systems, Siemens, Munich, Germany). The CSF samples were centrifuged at 4000 rpm during 10 min, and the supernatant was analyzed in the ISCUSflex analyzer.
Microdialysis in the awake patient. Within 24 h after surgery and when the patient was extubated and fully conscious, the MD probe was reconnected to a CMA-106 microinfusion pump (M Dialysis AB), and the perfusion was restarted. In this second part of the study, the flow rate was maintained at a constant rate of 0.3 mL/ min, and the samples were collected hourly. Blood and CSF samples were also collected and processed using the same methodology previously described. All monitoring data obtained during the study were collected in a Microsoft Excel spread sheet (Microsoft, Redmond, Washington, USA).
Statistical analysis
Statistical analyses were performed with R software v3.2.2 (R Foundation for Statistical Computing, Vienna, Austria; http://www.R-project.org) and the integrated development environment R Studio v0.99. 491 (RStudio, Inc., Boston, MA, USA; http://www. rstudio.com). Unless otherwise specified, differences were considered statistically significant for p 0.05.
For estimating the true concentrations in the matrices (in vitro experiments) and in the brain ISF (in vivo experiments) with the ZFM, all the flow rate-concentration pairs were plotted in a scatter plot and analyzed by using the function and the R packages ''nlstools'' and ''minpack.lm.'' 26, 27 The R code (available on request) used the original equation described by Jacobson et al. 18 The goodness of fit for the exponential model with the total data was evaluated based on visual inspection of the residuals calculated from the fit and testing the normality of the residuals with the Shapiro-Wilk test and the randomness of residuals with the runs test.
RI calculation. The Horn's algorithm 28 implemented in the package ''referenceIntervals'' was applied to detect outliers. Each detected outlier was reviewed, and if the patient or the data were considered doubtful, the case was eliminated of the RIs calculation. To calculate the brain upper and lower RI limits for each analyte, we used the distribution-free nonparametric method described in the NCCLS and Clinical and Laboratory Standards Institute (CLSI) guidelines C28-A3 for estimating percentiles intervals 29, 30 by using the package ''referenceIntervals'' for R. 31 
Results

In vitro RR of metabolites
Four catheters were used in these experiments. We observed minimal differences between the initial and the final concentrations of the matrix metabolites, with a mean reduction of approximately 5.5%. Although these differences were statistically significant, we considered them methodologically irrelevant. The denominator used for the RR calculation (equation (1)) was always the mean concentration of the matrix sampled before and after each microvial change. The four catheters included in the analysis yielded a total of 48 samples. The RR for each metabolite is summarized in Table 1 . The mean RR for all metabolites was approximately 95%, similar to the findings published by others who used the CMA-71 probe. 32 We did not find any significant difference between the two matrices studied (see Table 1 ); furthermore, the RR inter-catheter agreement was excellent, with differences always below 5%.
In vitro extrapolation to zero-flow
Seven catheters were included in this experiment. For each catheter, the metabolite concentrations at a theoretical flow rate of 0 mL/min were calculated using a nonlinear regression model. The matrix concentration (C 0 in equation (2)) was calculated as the y-intercept, as described. A k value (where k ¼ rA in equation (2)) was also determined for each metabolite. Figure 1 18 shows examples of the ZFM applied both in vitro and in vivo. The goodness of fit for the exponential model in vitro was excellent for all metabolites. The concentrations estimated at 0 mL/min with the nonlinear regression model were compared with the measured concentrations in the matrices (Table 2) . To minimize errors, the matrix concentration used in the analysis was the mean concentration for each metabolite at the start and the end of the experiment. In all metabolites and for all catheters, we found a high agreement between the estimated concentrations and the true concentrations in the medium. The differences between both concentrations were not statistically significant (see Table 2 ) (Wilcoxon test for paired samples).
Descriptive data of included patients
A total of 19 patients were included, 16 with a posterior fossa lesion and 3 with a supratentorial lesion. All presented normal-appearing gray and white matter in the MRI. The 19-patient cohort included 7 males and 12 females with a median age of 44 (range: 21-69 years) and a median Evans index of 0.28 (min: 0.20, max: 0.33). Table 3 shows a summary of the clinical data.
Brain tissue concentrations in anesthetized patients
In 3 of the 19 patients, the intraoperative data were discarded; for one, the surgery was too short to obtain data for all the perfusion flow rates, and for the other two patients, the volume recovered was not correct. The remaining 16 patients had valid intraoperative data, which were included in the analysis. For each patient, the extracellular fluid concentration was determined with the ZFM, as already described. In some patients, the non-linear curve fitting to the equation did not result in a correct estimated C 0 value because the iterative procedure of the ''nls'' function did not successfully converge to a certain value. This unsuccessful convergence was because the equation is too complex for the amount of data we had. In order to simplify the equation, we obtained a fixed k value for each metabolite by merging the data for all patients. We used the obtained k to estimate the C 0 by nonlinear curve fitting for each individual patient.
Of these 16 patients, the data from the first three patients were excluded from the RIs calculation at 0.3 mL/min because the microdialysis sampling methodology used during surgery was modified after the fourth patient, so as to avoid generating inaccurate values from the dead volume inside the outlet tube ($5.1 mL). The data for the analyzed metabolites calculated by the ZFM and those measured at a flow rate of 0.3 mL/min in anesthetized patients are summarized in Table 4 and Figures 2 and 3 . Median plasma levels for glucose and lactate were 7.13 (min, max: 4.99-9.88 mmol/L) and 2.03 (min, max: 1.24-5.04 mmol/L), respectively.
The in vivo RR at a perfusion flow rate of 0.3 mL/ min was calculated by taking into account the estimated tissue concentration for each analyte obtained with the ZFM. The in vivo median RR values were 80% for glucose (min: 56, max: 96), 75% for lactate (min: 59, max: 92), 83% for pyruvate (min: 66, max: 100), and 89% for glycerol (min: 69, max: 103). Means and medians are expressed as percent recovery, as explained in the text (equation (1)). Comparisons between matrices were made using the Kruskal-Wallis test; no statistically significant differences were observed. In these experiments, seven catheters were used. Data summarized correspond to the data for each metabolite in all experiments. Data are expressed as median (min-max). Comparisons between estimated and measured concentrations were made using the Wilcoxon test for paired samples; no statistically significant differences were observed.
Brain tissue concentrations in awake patients
In 2 of the 19 patients, data could not be obtained due to a malfunction in the microdialysis probe. The median values for the 17 remaining patients at a fixed perfusion flow of 0.3 mL/min are summarized in Table 4 and are also shown in the box plots presented in Figures 2 and 3 . Table 4 shows the upper and lower reference limits found by the nonparametric method. Levels at a perfusion flow rate of 0.3 mL/min were significantly higher for lactate, pyruvate, and lactate-toglucose (LG) ratio levels when the patient was fully awake, as compared to the values obtained when the patient was under anesthesia. However, we did not find statistically significant differences between the glucose, glycerol, and LP ratio levels of awake versus anesthetized patients (Figures 2 and 3 
Discussion
Cerebral MD is not yet used as a routine neuromonitoring tool, but it is a mature powerful research tool that is widely used in many neurocritical care units worldwide. However, unless probes are calibrated in vivo, the microdialysate does not give the absolute brain concentration of the analytes of interest, but only provides an estimate. 3 In vivo calibration methods are time-consuming, cannot be routinely conducted at the bedside and present ethical constraints. Therefore, in clinical practice, the true concentrations are estimated from the absolute values given by the analyzer and the known in vitro RR for the analyte of interest, although in vitro conditions are rarely reproduced in vivo. In clinical practice, thresholds that were determined for a fixed flow perfusion rate of 0.3 mL/min are typically used because this is the flow rate recommended by the 2014 consensus statement and is the most commonly used rate in the cerebral MD literature. 20 A direct consequence of these variable approaches is that researchers have used different cut-off levels for the RIs of energy metabolites, introducing significant variability and biases when explaining cerebral MD data and interpreting findings observed in neurocritical patients. These implications are especially relevant for the definition of brain hypoxia/ischemia and hyperglycolysis. In addition, ambiguous RIs in any neuromonitoring tool create significant uncertainty among clinicians about correct patient management. In our study, we enrolled a cohort of homogeneous patients who were studied twice: once while under general anesthesia and once when they were fully awake. In this cohort, we determined the actual brain concentrations for each analyte by using the Jacobson et al. 18 methodology. In addition, we followed the statistical methods recommended by the latest version of the CLSI to identify outliers and to perform the calculations necessary to set valid biological RIs. 33 
Brain glucose thresholds
Reinstrup et al. 10 established the traditional clinical upper threshold for MD brain glucose at 3.5 mmol/L. This upper limit was similar to the values found in our awake and anesthetized patients at the same perfusion rate. This threshold corresponds to a true ISF glucose of $4 mmol/L, similar to the upper reference limit calculated for [Glu] brain in our anesthetized patients (Table 4 ). This cut-off agrees with the upper limit determined in awake epileptic patients (3.1 mmol/L), 12, 13 and to the upper threshold in the CSF determined for adults. 34 Therefore, taking together all these studies, it can be safely assumed that in patients under general anesthesia or heavy sedation, an upper limit of 3.5 mmol/L is appropriate when using the standard flow rate of 0.3 mL/min. Our lower [Glu] brain was 0.43 mmol/L in the absence of hypoglycemia and with normal or moderately increased glucose plasma levels, a threshold significantly lower than the lower limit reported for the CSF (2.8 mmol/L). 34 Based on our data, [Glu] brain < 0.43 mmol/L should be indicative of substrate limitation or ischemia, which reinforces the reference limits recommended by the 2014 cerebral microdialysis consensus statement. 20 Our data also support the findings of Abi-Saab et al. 13 , who showed that [Glu] brain levels are substantially lower than [Glu] plasma .
All metabolites in our study presented wide reference ranges, which demonstrate the variability in metabolite levels between different subjects and under different 36 In monitoring brain metabolism, integrating all data is essential and, in the case of ischemia, the use of multiparametric monitoring may help in interpreting them. The use of a regional method for monitoring rCBF or PtiO 2 close to the MD probe may aid interpretation of the absolute and/or the observed values. This is crucial for attributing any metabolic abnormality to either ischemic or non-ischemic episodes by considering both the PtiO 2 values and brain glucose levels. A reduced PtiO 2 and/ or reduced [Glu] brain , the latter in the absence of hypoglycemia, is a clear indication of ischemia.
The anaerobic threshold revisited
As we discussed in a previous paper, the best available estimate for upper brain lactate levels derives from studies of CSF and from a few studies of patients operated on in neurosurgical procedures in whom brain MD were monitored under general anesthesia and using different anesthetic management techniques. 36 These studies and others-conducted in severe TBI and patients with SAH-found that certain lactate thresholds were related to poor clinical outcomes, and the upper limit for brain lactate most widely used in neurocritical patients is extremely variable (range: 1.50 to 5.10). 11, 13, 16, 17, 37 The 2014 cerebral microdialysis consensus statement recommended 4 mmol/L as the upper reference limit. 20 Reinstrup et al. found a mean lactate of 1.2 AE 0.6 mmol/L (in anesthetized patients and at a perfusion rate of 1 mL/min), which translates to 2.82 mmol/L at 0.3 mL/min assuming the in vivo RR of 32% observed in our study at such perfusion rate. The recommended 4 mmol/L upper reference limit is based on the Reinstrup et al. study, and three additional studies conducted in patients with spontaneous SAH (i.e., comatose or requiring external ventricular drainage) or severe TBI. 16, 37 Indeed, Oddo et al. used a threshold of 4 mmol/L, based on findings in patients with severe TBI and a poor outcome. 16 Our data suggest that the upper lactate reference limit in anesthetized patients, when used independently of the LP ratio, should be reduced to $3.5 mmol/L when using a fixed perfusion rate of 0.3 mL/min. This corresponds to a true ISF lactate of $5 mmol/L, as shown in our cohort by using the ZFM. However, values above 3.0 mmol/L were unusual (13%), and most patients had an ISF lactate 3 mmol/L (Figure 2) . Differences in the depth of anesthesia or anesthetic agents used might account for these differences. In awake patients, the upper lactate level should be raised significantly such that an upper level of 5.5 mmol/L falls within the normal range.
This recommendation is consistent with prior findings where a true ISF upper lactate limit of 5.7 mmol/L was observed in the non-epileptic cortex and hippocampus of 38 awake epileptic patients during the interictal period. 12 Also, other studies suggest that lactate increases in the brain during physiological stimulation, due to a transient boost of glycolysis that occurs as a normal response to physiologic stimulation. 38 A second relevant finding in our study was that the [Lac] brain is usually higher than expected in both the awake and anesthetized patient. Our findings support the 1994 astrocyte-neuron lactate model suggested by Pellegrin and Magistretti, which suggests that lactate is an effective fuel for the brain. 39 Therefore, lactate formed within the brain parenchyma from glycolysis in astrocytes may be used by activated neurons that take lactate from the ISF by MCT-2. 39 Our data support the notion that an increase in lactate by itself does not indicate ischemia if the LP ratio is below 35 and may only indicate active aerobic metabolism with increased glycolysis.
Thresholds for pyruvate and the lactate-pyruvate ratio
Increases in lactate can be indicative of either hyperglycolysis or hypoxia/ischemia. In patients with spontaneous SAH, Oddo et al. 37 found that brain lactate Table 4 . All data were recorded from white matter. Anesthetized values were compared with awake values by the Wilcoxon signedrank test. Lactate and pyruvate concentrations were significantly higher when the patients were awake. No significant differences were observed in glucose concentration. NS: statistically non-significant.
elevations (>4 mmol/L) were more often caused by cerebral hyperglycolysis than by brain hypoxia and that hypoxic lactate was associated with increased mortality whereas hyperglycolysis was a predictor of good outcomes. 37 LP ratio is generally thought to be a more reliable indicator of anaerobic metabolism than lactate alone and furthermore is unaffected by changes in the probes' recovery. When oxygen is present, pyruvate is converted into acetyl-CoA in order to enter the citric acid cycle. At 0.3 mL/min, we found a lower pyruvate limit of 39 mmol/L in anesthetized patients, corresponding to a true [Pyr] brain of $55 mmol/L. This value was similar to the lower limit obtained by Reinstrup et al. 10 Our upper limit for the LP ratio was 34.2 at a perfusion rate of 0.3 mL/min, and it was 39.2 when using the ZFM data (Table 4) ; this corresponds to a LP ratio that is above [35] [36] [37] [38] [39] [40] , as suggested by the 2014 microdialysis consensus conference. 20 Therefore, the limit of 25 we suggested in a previous paper is likely too low to indicate ischemic or non-ischemic brain hypoxia or mitochondrial dysfunction. 36 As additional data are not available, a pragmatic upper limit for the LP ratio in both awake and anesthetized patients appears to be 35, and this threshold should be used in future classifications of the metabolic disturbances in neurocritical patients.
Glycerol
Glycerol (Gly) is an end product of phospholipid degradation. Some studies have used it as a biomarker for cell membrane deterioration (and therefore cell destruction) in TBI injury and other acute brain injuries. 40, 41 In a small cohort of TBI patients, Peerdeman et al. 40 found that values of [Gly] brain > 150 mmol/L in the normal-appearing regions of the brain had a positive Table 4 . Anesthetized values were compared with awake values by the Wilcoxon signed-rank test. No significant differences were observed in glycerol concentration and in the LP ratio. The LG ratio was significantly higher in patients who were awake compared with patients under anesthesia. NS: statistically non-significant; LP: lactate-to-pyruvate; LG: lactate-to-glucose. predictive value of 100% for an unfavorable outcome. In a previous paper, where we studied the ionic profile of normal and injured brains, we found a significant increase in [Gly] brain in both the ischemic and traumatic core, 42 but the [Gly] brain levels were always below the upper reference threshold in both the normal-appearing brain and the traumatic penumbra. Our findings indicate that a [Gly] brain < 209 mmol/L is a good predictor for tissue viability, with high sensitivity (99.4%) but modest specificity (52.0%). In our study, the upper reference limit for [Gly] brain at a perfusion rate of 0.3 mL/ min was 203 mmol/L, corresponding to a [Gly] brain of 227 mmol/L. In awake patients, two cases had [Gly] brain above 300 mmol/L without any abnormalities in the control CT scan around the tip of the MD probe.
The effects of anesthesia on brain metabolism
We obtained energy metabolites values in the same patients under two conditions: while anesthetized and while fully awake. We consistently found that upper reference limits were significantly higher in awake patients for pyruvate, lactate, and the LG ratio (Figures 2 and 3 ), but remained unchanged for glucose, the LP ratio, and glycerol. Although our data need further verification in larger cohorts, they suggest that anesthesia depresses the glycolytic pathway and that brain lactate levels increase when the patient is awake. However, increased lactate was never accompanied by an increase in the LPR, indicating a normal redox status. In humans, positron emission tomography studies have shown that both isoflurane and propofol may reduce whole brain glucose metabolism by $50%. [43] [44] [45] Volatile anesthetics also reduce CMR and energy consumption, as well as protect the brain against short-term ischemia. Similar neuroprotective effects have been shown for isoflurane, sevoflurane, or desflurane. 46 Similar to propofol, volatile anesthetics induce a strong concentration-dependent suppression of electroencephalographic (EEG) activity and therefore of the brain's functional metabolism.
Following the lactate-shuttle hypothesis, 39 a druginduced reduction in synaptic activity during anesthesia may cause a reduction in aerobic glycolysis and therefore in [Lac] brain . Our data suggest that reference limits for neurocritical patients-in whom both propofol and midazolam are widely used-should be identical to those obtained in patients under general anesthesia.
Recent experimental models in rats showed that brain lactate was fivefold higher for isoflurane compared with propofol anesthesia and that this increase was independent of blood lactate levels. 47 , 48 Horn and Klein 48 concluded that volatile anesthetics like isoflurane, halothane, and sevoflurane, but not intravenous anesthetics, caused a specific, dose-dependent rise in extracellular lactate and pyruvate levels in mice brains. We obtained data during anesthesia in 14 patients (nine anesthetized with desflurane and five with continuous infusion of propofol); no statistically significant difference in lactate or ISF glucose levels between both groups was observed (data not shown). Our data suggest that the changes in the metabolomic profile shown with volatile anesthetics can be speciesspecific and must be verified in the human brain before any conclusion can be reached.
Study limitations and future directions
RI estimation methodology has significantly evolved over the past few decades. Once RIs are established, the immediate clinical consequence is that any value outside this range is flagged. 30 Although our cohort was accurately selected, our samples were not representative of healthy individuals, which limits the generalizability of our findings. In addition, NCCLS guidelines recommend the use of nonparametric RIs and that sample sizes consist of at least 120 values. 30 For obvious reasons, to include 120 patients in a single-center study is difficult, and therefore, a multicenter study is needed. The ZFM described by Jacobson in 1985 relies on the fact that the brain concentration stays constant during the study. 6 This assumption could be challenged in our study, as the median experiment time in our cohort was 6.5 h. However, we believe that, under general anesthesia and when surgery was uneventful and with no intraoperative adverse events, the margin of error introduced by the length of the experiment is acceptable and that the randomization of the perfusion rates that we performed reduced the risk of bias. The differences in the depth of anesthesia or the different anesthetic agents used might account for some of the differences among studies. The reliability of future studies could be significantly improved if a measure of brain activity suppression (EEG or bispectral index) was included in routine monitoring.
In our in vitro experiments, we did not use stirring because it produced significant and unpredictable changes in volume recovery, as explained in the in vitro experiments section. However, in non-agitated solutions, changes in solute concentration can occur at the surface of any porous semipermeable membrane, as long as the membrane shows different permeability for the various components of the solution. This phenomenon is known as polarization by concentration, and its immediate consequence is that concentrations at the membrane surface are not the same as in the bulk fluid (matrix) and can produce overestimates or underestimates of the true concentration (see Supplementary information). 49, 50 In our in vitro experiments, we cannot disregard the possibility that this phenomenon was the cause of underestimating the true concentrations in the matrices. Therefore, we believe this may affect all concentrations and the true in vitro concentrations calculated by the ZFM. However, the main goal of these experiments was to replicate Jacobson's finding and to show that this method can be applied in vivo. This phenomenon could also justify the approximately 5% difference in RR found for all metabolites in our in vitro studies and the statistically non-significant underestimation shown in Table 2 between the estimated in vitro concentrations and the real concentrations in the matrices (except for glycerol).
An additional limitation of the Jacobson method, when used in vivo, is that it inherently assumes that the unperturbed tissue next to the probe is representative of tissue far from the probe. However, it has been shown that the physical insertion of any probe into the brain causes a local injury that initiates a progressive inflammatory tissue response that alters the microenvironment and the function of the tissue from which metabolites are sampled (see Supplementary information). 51 In addition, our studies were limited in time and therefore only the more acute changes induced by inserting a probe need to be taken into consideration. We excluded all patients with any CT scan abnormality after insertion, and therefore, we minimized the odds of obvious bleeding or edema around the probe.
MD has-with its present methodology-some intrinsic and unavoidable limitations. Probably the most important one is that it only provides an estimate of the time-averaged metabolic profile of the time-30-60 min-before the microvials are collected. Therefore, MD is quite insensitive to rapid changes in metabolite levels. However, trends are still very useful as a method for identifying brain tissue at risk for patients in neurocritical care, detecting changes in metabolic profiles, and detecting ischemia. The future of the technique is real-time online techniques already introduced into clinical research. Rogers et al. 52 reported on the use of continuous online MD by using microfluidic sensors to study glucose, lactate, and potassium in cortical spreading depolarization. 53 Ideally, when commercially available and approved for human use, continuous MD might improve its temporal resolution and therefore will be able to detect metabolic changes that are short in duration and thus missed with conventional MD.
We believe one of the next steps in neurocritical care is to establish a clear classification of the metabolic disturbances found in patients who suffer acute brain damage and to clarify its pathophysiology. Ideally, both cerebral MD and PtiO 2 monitoring should be conducted in order to define hypoxic-induced metabolic crisis from aerobic hyperglycolysis or mitochondrial dysfunction, in which oxygen limitation is not the cause. A better characterization of the metabolic response of the brain to injury and its pathophysiology is an essential step for implementing better and more targeted therapeutic strategies for managing patients with acute brain damage.
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